Isolated murein sacculi of Escherichia coli PA3092 were physically ruptured by sonication. Electron microscopical analysis showed that the rupturing occurred preferentially prependicular to the long axis of the cell. The fragmentation of the sacculi increased with longer sonication times. It was found that the extent of cross-linkage was more affected by the sonication than was the average glycan chain length. These data confirm earlier observations and indicate that the glycan chains run predominantly perpendicular to the long axis of the cell. By contrast, the peptide cross-links are more dispersely oriented.
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The shape of gram-negative bacteria is maintained by a strong tensile network polymer, called peptidoglycan or murein sacculus (11) . The peptidoglycan monomer consists of a disaccharide unit, N-acetylglucosamine and N-acetylmuramic acid, to which a peptide side chain is linked (11) . The N-acetylglucosamine-N-acetylmuramic acid moieties constitute linear chains of about 35 to 50 units long (8) that are cross-linked to an extent of about 30% by bridges formed by the peptide side chains (8) .
In a previous paper it was shown that the glycan chains run preferentially perpendicular to the long axis of the bacterial cell (10) . We now present complementary data. After mild sonication of isolated sacculi, a striated pattern similar to that produced by specific hydrolysis with endopeptidase was observed. Also, complete ruptures oriented perpendicular to the long axis appeared.
To correlate the ultrastructural observations of the physical disruption of the sacculi with the chemical structure of the peptidoglycan, we determined the number of peptide cross-links and glycosidic bonds ruptured during sonication. We found an immediate decrease in cross-linkage, which upon further sonication remained relatively constant. However, sonication did not seem to have much of an effect on the length of the glycan chains, indicating that the glycosidic bonds were more resistant than the peptide cross-linkage to mechanical rupture.
MATERIALS AND METHODS
The organism used in this study was Escherichia coli PA3092 (4 10 Ci/mmol; CEA, Gifsur-Yvette, France) by the method of Schwarz and Leutgeb (9) . Sacculi were prepared both from the labeled and unlabeled E. coli cells as described by Leutgeb and Schwarz (6) . The labeled sacculi were suspended in distilled water to a final concentration of 2.6 ,umol of diaminopimelic acid (DAP) per ml based on a colorimetric ninhydrin assay for DAP (12) . The specific activity of the radiolabeled sacculi was 72 mCi/mmol of DAP. The isolated unlabeled sacculi were suspended in distilled water to a final concentration of 2.5 mg/ml. Two sonication procedures were carried out. In the first procedure, an Eppendorff centrifuge tube containing 500 A1 of radiolabeled sacculus suspension and 500 pd of 0.25 M morpholinopropanesulfonic acid (MOPS; pH 7.2; Sigma Chemical Co., St. Louis, Mo.) was placed in a sonicator bath (Bransonic, Danbury, Conn.). After various time intervals, samples were removed for biochemical analysis and electron microscopy. In the second procedure, separate samples were sonicated for biochemical and ultrastructural studies. The two procedures yielded identical results. Sonication under the conditions used did not solubilize peptidoglycan fragments; no increase in radioactive counts in the supernatant could be found when the sacculi which had been sonicated for as long as 20 min were centrifuged for 10 min at 100,000 x g in an Airfuge (Beckman Instruments, Inc., Palo Alto, Calif.).
The degree of cross-linkage of the sacculi before and after sonication was determined in lysozyme digests that were chromatographed for 20 to 22 h in SS2040 paper (Schleicher & Schuell Co., Keene, N.H.), using 1-butanol-acetic acid-water (4:1:5, vol/vol) as the eluant (7). Unlabeled sacculi were digested with lysozyme and chromatographed to yield marker fractions C3 and C4. A mixture of monomeric products C5 and C6 was obtained upon further degradation of lysozyme digested sacculi by endopeptidase (cf. references 3 and 10) and chromatographic purification. C3, C4, C5, and C6 fractions were used as markers to locate the experimental digestion products which were cut out and counted.
Chain lengths of the glycan moiety of the sacculi were determined based on the principles recently described by Schindler et al. (8) 
RESULTS AND DISCUSSION
We studied the morphological changes of untreated peptidoglycan sacculi during mechanical disruption by sonication. Isolated sacculi did not show any discernible fine structure (Fig. 1) . After sonication, however, fractures began to appear, and the degree of disruption as seen in the electron microscope proved to be dependent upon the duration of sonication (Fig. 1 to 4) . With short sonication times (i.e., up to 3 min), no fractured sacculi could be found. However, upon closer inspection many sacculi had acquired many small holes and in some sacculi these holes could be seen to fuse (Fig. 2 and 5 ). With increasing sonication times, increasing numbers of fractured sacculi were found ( Fig. 3  and 4) .
We found that the peptide cross-linkage decreased dramatically after short intervals of sonication and thereafter remained relatively constant (Fig. 6a) . The rapid decrease in cross-linkage was accompanied by a minimum of morphological changes, i.e., the appearance of the holes (cf. Fig. 2 and 6a) . The more pronounced morphological changes occurred during intervals when the degree of cross-linkage remained relatively constant. The morphological changes during sonication are summarized in Fig. 5 .
Although the peaks of radioactivity belonging to the dimeric and monomeric products of lysozyme digests of the sonicated saccull could be easily distinguished on paper chromatograms, there was a considerable smear of radioactivity especially in the lysozyme digest of the sacculi sonicated for 20 min (Fig. 7) . It is highly possible that sonication caused disruption of many different bonds in the peptide bridge, resulting in a family of different digestion products containing more or less radiolabeled DAP. It appears, however, that once a peptide cross-link has been ruptured at one site, sonication does not produce further ruptures in the same side chain. This conclusion is based on the observation that radioactive counts in supernatants of the sonicated sacculi centrifuged at 100,000 x g did not increase during 20 min of sonication. If a significant number of random second ruptures had occurred, one would expect an increase in soluble radioactive counts. The average lengths of the glycan chains of isolated sacculi can be estimated by quantitatively attaching [14C]galactose to the C-4 atom of N-acetylglucosamine moieties at the nonreducing ends of the oligosaccharides (8) . The chain lengths are a function of the number of galactose residues bound and the total amount of disaccharide units. Because each disaccharide unit contains one DAP residue (6) , the ratio between the total numbers of DAP residues and the amount of galactose incorporated also reflects the average length of the glycan chains. In our assays we took advantage of the above and utilized sacculi which had been uniformly labeled with (Fig. 6b) . These results indicate that under the conditions of sonication used, glycosidic bonds are not ruptured to the same extent as the peptide cross-linking bridges.
During sonication, cavitation occurs, which yields high velocity gradients within localized regions of the sacculus suspension. The resulting shear stress acting upon the murein sacculi produces ruptures in the polymer network (1). Al- though there is no chemical reason why peptide bonds should break in preference to glycosidic bonds (i.e., their bond energies are very similar; cf. references 2 and 5), our data indicate that sonication of E. coli sacculi selectively disrupts the peptide bridges between the glycan chains ( Fig. 6a and 6b) . A plausible reason is that the sacculi are constructed in an anisotropic way and when they are subjected to mechanical stress, breaks appear in the direction that is favorable in a geometric sense. Thus, bonds which run perpendicular to the direction of disruption are preferentially broken. Our studies indicate that these bonds are the peptide crosslinks between glycan chains. These data, together with our previous studies (10), strongly favor a peptidoglycan arrangement in which the glycan chains are oriented predominantly perpendicular to the long axis of the bacterial cell.
